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ABSTRACT 
The present thesis consists of six publications and a summary of the experimental 
results reviewed together with relevant literature data. Two transition metal oxide 
(TMO) systems were investigated: Sr2Qn-1B2O3n+1-δ (Q = Y, Ca, Sr; B = Co, Fe; n = 1, 2, 
3 and ∞) compounds with a Ruddlesden-Popper (RP) crystal structure and the InFeMO4 
(M = Mg, Co, Ni, Cu and Zn) compounds with a spinel structure (for Mg, Co and Ni). 
For both systems, polycrystalline samples were synthesized and characterized for 
magnetic and (magneto)transport properties which were then interpreted in terms of the 
site-specific cation composition, oxygen content and the oxidation state of the transition 
metal species. 
 
The interplay between oxygen stoichiometry and structural properties was studied for 
the RP oxides, Sr2(Ca,Y)Co2O7-δ. It was shown that the maximum value of oxygen 
content significantly depends on the average valence of the (Y,Ca)-site cations, 
increasing with increasing YIII-for-CaII substitution level. The strong impact of oxygen 
content on transport properties was confirmed, as the highly oxygenated samples 
exhibited significantly lower resistivity (by several decades) compared to the oxygen-
depleted samples. In addition, concentration of oxygen vacancies in the (Ca,Y)O layer 
was observed to have a large effect on the magnetic properties, as filling the vacancies 
facilitated the emergence of ferromagnetic order and increased the strength of the 
magnetoresistance (MR) effect. 
 
The tendency of the RP oxides to absorb additional layers of water was studied for the 
Srn+1FenO3n+1-δ series (n = 1, 2, 3 and ∞) by subjecting the samples to humidity under 
carefully controlled conditions. In addition, the intercalation reaction was also studied 
under extreme exposure by directly immersing some samples into distilled water. As 
result, novel layered water-derivative phases were obtained and identified by means of 
powder XRD measurements. The importance of the (SrO)2 double layer of rock-salt 
structure was demonstrated, as it was shown that the n = ∞ member lacking the layer 
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did not absorb water. Moreover, it was revealed that the rate of the derivative-phase 
formation depends on n and also on the concentration of oxygen vacancies. 
 
The narrow overall cation composition ranges and the distribution of each cation 
species between the two cation sites in the InFeMO4 (M = Mg, Co, Ni, Cu and Zn) 
system were studied by means of ICP measurements and Rietveld refinement of powder 
XRD data. The impacts of cation stoichiometry and magnetic dilution on the magnetic 
properties were investigated as well. In addition, a novel fitting method for the 
Mössbauer spectra of the cation-disordered spinel phases was developed in order to 
more accurately determine the cation distribution, iron oxidation state and magnetic 
order in these phases. 
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1. INTRODUCTION 
The current interest in layered transition metal oxides (TMOs) originates from the 
discovery of high-Tc superconductivity in the (La,Ba)2CuO4-δ system by Bednorz and 
Müller two decades ago in 1986 [1]. The discovery attracted considerable attention as 
superconductivity had previously been observed mainly in pure metals and alloys with 
their critical temperatures of superconductivity (Tc) located near the boiling point of 
liquid helium. As a result an extensive research effort was directed towards producing 
new and improved superconductive phases through chemical substitutions in the 
original (La,Ba)2CuO4-δ system, which led to discoveries of hundreds of structurally 
related oxide phases.  
 
Since the discovery of Bednorz and Müller, the layered TMOs have become one of the 
most extensively studied groups of materials in the field of modern materials science. In 
addition to the large number of superconductive copper oxides, the research has led to 
the emergence of a wide variety of oxide phases exhibiting other interesting magnetic 
and electric properties, such as colossal magnetoresistance (CMR) in perovskite 
manganese oxides [2-7] and high-efficiency thermoelectricity (TE) in layered cobalt 
oxides [8-12]. In some cases several of these phenomena have simultaneously been 
observed in a single phase as is the case with the RuSr2GdCu2O8-δ and 
RuSr2(Gd0.75Ce0.25)2Cu2O10-δ magnetosuperconductors which exhibit simultaneous 
magnetic ordering and superconductivity [13-16]. Due to their inherent potential the 
layered TMOs are regarded as promising candidates for many practical applications 
such as high performance power conversion and transport, magnetic data storage 
(computer hard drives etc.) and spin-selective transistors.  
 
The transition from theory to practical applications has not, however, been an easy one. 
The functional properties of layered TMOs are often sensitive to small variations in 
both transition metal oxidation state and local coordination. Well known examples 
include the link between the mixed oxidation state of copper (CuII/III) [17] and 
superconductivity properties in high-Tc copper oxides and the importance of the mixed 
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oxidation states, MnIII/IV [18,19], Co II/III/IV [18,20] and Fe II/III/IV/V [21,22] in CMR 
oxides, whereas the local coordination plays a crucial role for example in determining 
the magnetic properties of the half-metallic double-perovskite Sr2FeMoO6 [23] and also 
those of spinel oxides [24-26]. 
 
The oxidation state and local coordination of transition metal atoms in layered TMOs 
are usually controlled by adjusting the overall cation composition or the concentration 
and/or distribution of oxygen vacancies/excess oxygen. However, the oxidation state 
and the local coordination of a transition metal in a layered TMO are interrelated and 
changes, for example in oxygen vacancy concentration or cation composition, often 
affect both of them simultaneously. Due to this the mechanisms governing the interplay 
between chemical composition, oxygen content and the resultant functional properties 
are often not well understood and merit further attention to fully realize the potential of 
these versatile materials. 
 
Ruddlesden-Popper (RP) oxides tend to exhibit high flexibility in terms of cation 
composition and oxygen content. As such they are good candidates for studying the 
effect of cation composition and oxygen content on various functional properties. In this 
thesis Sr2(Y,Ca)Co2O7-δ oxides of the RP structure were synthesized with selected Y/Ca 
ratios and oxygen vacancy concentrations in order to probe the dependencies between 
chemical composition, oxygen nonstoichiometry and magnetotransport properties [I,II].  
 
In addition, RP oxides of Co [27-29], Cu [30-32], Zr [33], Ti [34] and Fe [35,III,IV] 
may absorb water to form derivative phases when subjected to ambient humidity. This 
behavior has been attributed to the presence of highly oxidized transition metal species 
in the structure. In this thesis the formation of the layered derivatives were studied for 
the Srn+1FenO3n+1-δ (n = 1, 2, 3 and ∞) series [III,IV] by correlating the structural 
properties, oxygen vacancy concentration and oxidation state of iron with the formation 
rate and stability of the derivative phases. 
 
Unlike the perovskite-derived structures, the spinel oxides are usually highly resistant to 
changes in oxygen content. This facilitates the study of cation substitution and 
distribution effects without the interference arising from the changes in the oxygen 
vacancy concentration. In this thesis the phase formation and the effect of identity of 
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cation M and level of magnetic dilution on the magnetic properties were studied in the 
InFeMO4 (M = Mg, Co and Ni) spinel oxide system. 
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2. RUDDLESDEN-POPPER AND SPINEL OXIDES 
The interesting functional properties of layered TMOs are directly related to the 
complex crystal structure and flexibility in terms of cation and oxygen content 
encountered in these phases. In this chapter, the crystal structures of RP and spinel 
oxides are discussed in detail, followed by a short introduction to the roles of cation 
composition and distribution. In addition, the methods employed in the characterization 
of these properties, i.e. plasma emission spectroscopy (Inductively Coupled Plasma- 
Optical Emission Spectroscopy, ICP-OES), Rietveld refinement and Mössbauer 
spectroscopy, are briefly introduced. 
2.1. Ruddlesden-Popper structure 
The ideal RP structure of A2Qn-1BnO3n+1-δ is closely related to the basic perovskite 
structure as it is based on a perovskite-structured block, Qn-1BnO3n-1 (n ≥ 1), consisting 
of n-1 QO layers and n BO2 layers. This block is sandwiched between two rock-salt-
structured AO layers according to the layer sequence of AO-BO2-(QO-BO2)n-1-AO. The 
δ in the formula, A2Qn-1BnO3n+1-δ, denotes the degree of oxygen nonstoichiometry and 
will be discussed in detail later. 
 
The structural similarity of perovskite and RP structures is illustrated in Figure 1 
showing the structures of A2Qn-1BnO3n+1-δ for n = 1, 2, 3 and ∞ (i.e. the perovskite 
structure). The RP phases are derived from the parent perovskite phase by the addition 
of one extra AO layer, leading to a transition in the ab plane between two consecutive 
unit cells. Due to the transition in [110] direction, the unit cell of the ideal RP structure 
consists of two formula units and possesses tetragonal symmetry (space group I4/mmm) 
with an elongated c axis instead of the cubic unit cell of the ideal perovskite structure 
(space group Pm3m). 
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Figure 1: Comparison of oxygen-stoichiometric n = 1 (A2BO4), n = 2 (A2QB2O7), n = 3 
(A3QB3O10) and n = ∞ (perovskite, ABO3) ideal RP structures. The unit cell of each structure is 
presented by a black rectangle. Figure drawn based on the data from Bilbao crystallographic 
server and reference [36]. 
 
Since the discovery of the first RP compounds, Sr2TiO4-δ, Ca2MnO4-δ and 
(Sr0.5La0.5)2AlO4-δ [37], a large number of RP phases have been synthesized as the RP 
structure is highly flexible in terms of the cation composition both at the A/Q and the B 
sites (see Table 1). The A and Q sites are usually occupied by alkaline, alkaline earth or 
rare earth elements of widely varying sizes, whereas the B site is usually occupied by a 
transition metal, although other B-site constituents such as Li and In [38,39] have also 
been reported. Preparation of oxyhalogenides through partial substitution of oxygen by 
a halogen element has been demonstrated as well, initially for Cu [40-42] and later for 
other transition metals as well [43-47].  
 
The known phases can be classified as members of so-called homologous series. A 
homologous series is defined as a family of phases where only the number of BO2 layers 
(n) in the infinite-layer block, Qn-1BnO3n-1, changes. Examples of RP homologous series 
for various transition metals, B, are given in Table 1. 
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Table 1: Examples of homologous series of A2Qn-1Bn(O,X)3n+1-δ RP oxides where 1 ≤ n ≤ 3. X in 
the chemical formula denotes halogen element. 
B n = 1 n = 2 n = 3 
Mn 
 
 
 
Sr2MnO4 [48] 
 
Sr3Mn2O7 [49] 
 
Sr4Mn3O10 [50] 
Ca2MnO4 [51] 
(La,Sr)2MnO4 [48,52] 
Sr2MnO3Cl [46] 
Ca3Mn2O7 [51] 
(La,Sr)3Mn2O7 [53] 
Ca4Mn3O10 [50] 
 
Sr4Mn3O8Cl2 [46] 
Fe  
Sr2FeO4 [54,55, IV] 
Sr2FeO3X [56] 
(La,Sr)2FeO4 [57] 
 
Sr3Fe2O7 [55,58, III,IV] 
Sr3Fe2O5X2 [59] 
(La,Sr)3Fe2O7 [57] 
 
Sr4Fe3O10 [58,IV] 
 
(La,Sr)4Fe3O10 [57] 
Co  
Sr2CoO4 [60-62] 
La2CoO4 [63,64] 
Nd2CoO4 [64] 
 
Sr2CoO3Cl [45] 
 
Sr3Co2O7 [60,65] 
 
Sr2(Y,Ca)Co2O7  
[ 66, II] 
Sr3CoO5Cl2 [45] 
 
Sr4Co3O10 [60] 
La4Co3O10 [36,63] 
Nd4Co3O10 [67] 
 
 
 
 Ni  
(La,Sr)2NiO4 [68-70] 
 
Nd2NiO4 [71] 
 
(La,Sr)3Ni2O7 
[69,70,72,73] 
 
 
(La,Sr)4Ni3O10 
[69,70,74-76] 
Nd4Ni3O10 [67] 
2.2. Spinel structure 
The perovskite-derived structures are in general rather flexible in terms of oxygen 
stoichiometry. Moreover, the flexibility in oxygen content often allows a high degree of 
variation in chemical composition as well. In contrast, the spinel structure is usually 
highly resistant to changes in oxygen content and accordingly exhibits less variety both 
in terms of possible cation compositions and transition metal oxidation state(s). 
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The ideal spinel structure has a cubic symmetry with space group 3. In the spinel 
structure the divalent A cations occupy 1/8 of the tetrahedral sites with Td symmetry, 
trivalent B cations occupy 1/2 of the octahedral sites with D3d symmetry and the oxygen 
anions are arranged in a cubic close-packed structure. The unit cell consists of 8 formula 
units and can be presented as a large lattice where two types of cubic building blocks, 
AO4 and B4O4, alternately fill up the 8 octants as shown in Figure 2.  
 
  
 
Figure 2: Crystal structure of spinel, AB2O4. For clarity, only two octants of the spinel are 
filled. Other octants are occupied alternately by the tetrahedral (octant without dashed line) and 
octahedral (octant with dashed lines) units [77]. 
 
In addition to the ideal spinel structure, where the divalent cations occupy A sites and 
trivalent cations occupy B sites, so-called inverse spinels are also known. In the inverse 
spinel structure half of the B cations reside in tetrahedral positions, while equal amounts 
of A and B cations are found in the octahedral sites, resulting in a general formula of 
Btet.(BA)oct.O4. Between the regular and inverse spinels are so-called mixed spinels with 
the general formula of (A1-xBx)tet.(B2-xAx)oct.O4, where the degree of inversion (x) is 0 < x 
< 1 [78]. 
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Many spinel phases can exhibit a wide range of values for the inversion parameter, and 
the most stable configuration is often determined by the selection of synthesis 
parameters such as sintering temperature and/or cooling rate. The value of the inversion 
parameter may change as a consequence of electron transfer, such as in magnetite 
(Fe3O4) where the disorder is observed to increase with increasing temperature [79], or 
due to actual changes in cation distribution as in Mg(Al,Fe)2O4 [80]. 
2.3. Composition and distribution of cations 
Due to the structural flexibility of the perovskite-related phases, control of cation 
composition through substitution is an important method for both producing new phases 
and modifying the properties of the already existing ones. Depending on which cation 
site in the structure, A (and Q for RP phases) or B, is being substituted, the cation 
substitution in perovskite-related structures is referred to either as A-site substitution or 
B-site substitution, respectively. Additionally the substitution can either be isovalent or 
aliovalent depending on the oxidation state of the substituent in comparison to that of 
the host cation. This results in a high degree of freedom both in possible cation 
compositions and oxidation states for the transition metal cation(s) in perovskite-related 
structures. 
 
While the identity of the transition metal at the B site is the deciding factor in 
determining the functional properties of the perovskite-related oxides, the A-site 
substitution can be employed as an important tool in fine-tuning the functional 
properties through adjusting the oxidation state(s) of the transition metal cation(s). This 
is seen for example in the (Ca3-xLax)Mn2O7 RP oxide system, where an increase in the 
La content results in evolution from canted antiferromagnet to a charge-ordered state for 
x > 0.4 [81] and finally to a ferromagnetic state with metallic conductivity in the La-rich 
end (1 ≤ x ≤ 2) [82]. In contrast, similar substitution with tetravalent Th instead of 
trivalent La results in a ferromagnetic state and an emergence of a strong tunneling-type 
MR effect already at a very low substitution level of x = 0.05 in (Ca3-xThx)Mn2O7 [83]. 
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Whereas the cations occupying the A (and Q) site are usually divalent or trivalent, the 
considerably more flexible coordination and redox chemistry allows wider variation 
range from II to V for the oxidation state of the B-site transition metal [84-87]. The 
crucial role of the B-site substitution can be demonstrated for example in the n = 2 RP 
manganese oxides systems, (La1.2Sr1.8)(Mn2-xMx)O7 (M = Fe, Co or Cr) [88,89], 
(La1.4Sr1.6)(Mn2-xTix)O7 [90], (La1.4Sr1.6)(Mn2-xCux)O7 [91] and (La1.2Ca1.8)(Mn2-xRux)O7 
[92-95].  
 
The magnetic properties of the parent (La,Sr)3Mn2O7-δ phase are strongly affected by 
the double exchange (DE) interaction between the neighboring manganese atoms where 
the lone eg electron hops from the trivalent Mn to the empty eg states in tetravalent Mn, 
i.e. MnIII + MnIV ⇒ MnIV + MnIII. The substitution of manganese with Ti, Fe, Co and 
Cu in general lowers the Curie temperature (TC) and suppresses the metal-insulator 
transition, although the strength of the effect varies depending on the cation substituent. 
This behavior has been expected to result from the tendency of these substituents to 
disrupt the DE interaction, localizing the itinerant electron and leading to an increase in 
resistivity and loss of metallic character [88-91]. 
 
However an increase in TC has been observed when substituting manganese with Cr or 
Ru over a limited substitution range [88,92-95]. In case of Cr this has been attributed to 
the fact that CrIII exhibits the same electronic structure as MnIV, whereas the RuIV/RuV 
and MnIII/MnIV pairs share the similar electron configuration in their outer 4d/3d 
orbitals, respectively. It has therefore been postulated that the Cr and Ru could 
participate in DE thus preserving the TC. However it has been pointed out that although 
limited Ru (and Cr) substitution increases the TC it also simultaneously decreases the 
saturation magnetization and increases the resistivity, which should not occur if these 
transition metals participated in DE. Due to these reasons it has been suggested that the 
increase in TC results from the disorder-induced suppression of charge-orbital order, 
instead [95]. 
 
A strong impact of cation substitution on magnetotransport properties is also 
encountered in spinel oxides [VI], although they exhibit less variety in terms of cation 
composition and transition metal oxidation state(s) due to being in general highly 
resistant to changes in oxygen stoichiometry [96,III]. On the other hand, the magnetic 
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properties of the spinel oxides are often more susceptible on the level of magnetic 
dilution and distribution of magnetic cations in the structure due to the presence of 
multiple, inherently frustrated magnetic interactions in the spinel structure. 
 
The magnetic properties of the spinel oxides, AB2O4, are governed by an intricate 
interplay between the intrasite A-O-A and B-O-B (JAA and JBB respectively) and intersite 
A-O-B (JAB) superexchange interactions. It should be noted here that all the exchange 
interactions are negative, resulting in antiferromagnetic contribution from the intrasite 
JAA and JBB interactions. On the other hand, although the intersite exchange interaction, 
JAB, is also negative, the contribution is often ferrimagnetic as there are two B sites for 
each A site in the structure and consequently the magnetic moments do not usually 
cancel out. The presence of multiple competing interactions results in strong frustration 
in magnetic order and the resulting magnetic properties are strongly dependent on the 
level of magnetic dilution and distribution of magnetic cations as seen in Figure 3 
[97,98].  
 
 
Figure 3: Magnetic phase diagram for the general spinel structure, AB2O4, showing 
paramagnetic (P), antiferromagnetic (AFM), ferrimagnetic and spin glass (SG) regions as a 
function of the magnetic cation concentrations for the A and B sites, CA and CB, respectively 
[98]. 
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When both the A and B sites of the spinel structure are fully occupied by magnetic 
cations, JAB >> JBB >> JAA, and the system usually exhibits a co-linear ferrimagnetic 
structure due to the strong JAB superexchange interaction [97]. Progress in magnetic 
dilution then results in weakening of JAA, leading to frustration and formation of non co-
linear spin structures (spin canting) or the spin-glass state [99-102, VI]. In addition, the 
magnetic properties of the magnetically diluted spinel phases are sensitive to the 
distribution of magnetic cations between the A and B sites, as the confinement of 
magnetic cations at one site only leads to formation of antiferromagnetic order. Finally, 
at extreme levels of magnetic dilution, percolation occurs and a paramagnetic state is 
formed [97,98].  
 
The effect of cation distribution is clearly demonstrated in the ZnFe2O4 system which 
can be realized both in regular and mixed-spinel configurations depending on the 
preparation method. In the regular spinel configuration diamagnetic Zn cations are 
located at the A site and magnetic Fe cations at the B site and the magnetic properties of 
the phase are dominated by the JBB superexchange interaction, resulting in an 
antiferromagnetic order with TN ≈ 10 K [103]. On the other hand, ZnFe2O4 can also be 
realized in a mixed-spinel configuration with high magnetization near room temperature 
[104-106]. The ferrimagnetic order in these samples has been attributed to the 
emergence of strong ferrimagnetic JAB interaction due to the presence of Fe at both the 
A and B sites. 
2.4. Determination of cation composition and distribution 
2.4.1. ICP-OES 
The most common way of synthesizing layered TMOs is the so-called solid-state 
synthesis method in which the precursor oxides or carbonates are fired at high 
temperatures to obtain the desired phase. Depending on the identity of cations, the 
required sintering temperatures can be in the range where the diffusion or evaporation 
of cations from the precursor mixture can become an issue [107-109].  Therefore it is 
often necessary to confirm the precise cation composition of the resultant samples. 
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In the ICP-OES (Inductively Coupled Plasma – Optical Emission Spectroscopy) method 
plasma is produced by heating up a gas such as argon with electric currents induced by 
a variable magnetic field. The sample is dissolved and fed into plasma where it 
dissociates into constituent atoms/ions. The atoms/ions are excited by the high 
temperature (6 000 – 10 000 K) of the plasma and the relaxation of the excited state 
produces radiation at characteristic frequency, allowing the identification of the cations 
based on the wavelengths present in the emission spectra [110]. 
 
The intensity of the emission radiation is directly proportional to the number of emitting 
atoms in plasma and the exact cation composition of each cation can be accurately 
determined based on a calibration performed with a series of standard samples. The 
sensitivity of the method is highly dependent on the identity of measured cations, 
ranging approximately from 0.1 to 100 ppb (1-10 ppb for most transition metal cations) 
[110,111]. With careful preparation of standard samples and several parallel 
measurements, the cation composition of the measured sample can be determined with 
approximately 0.5-1% standard deviation.  
 
However, it should be noted here that if the analyzed sample contains unwanted 
secondary phases, the cation composition obtained with ICP-OES method will be the 
(weighed) average of all phases. Therefore it is essential to first confirm the phase 
purity of the analyzed samples with suitable method such as XRD measurement. In this 
thesis ICP-OES measurements were used in determining the exact cation stoichiometry 
of the InFeMO4 oxides, where M = Mg, Co, Ni, Cu and Zn [V]. 
2.4.2. Rietveld refinement 
The long heat treatment periods at high temperatures often employed in the solid-state 
synthesis method may lead to changes in overall cation composition and formation of 
unwanted impurity phases and/or changes in the cation stoichiometry of the main phase. 
X-ray diffraction (XRD) measurement is a common method employed to verify the 
phase purity of layered TMOs. In addition, the structural parameters and cation 
distribution in the samples can be determined from the XRD data through the Rietveld 
refinement method [112]. 
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In the Rietveld method [113], the calculated XRD pattern derived from the structural 
model of the studied phase is compared with the measured diffraction pattern, point by 
point. During the fitting process, selected parameters of the structural model are 
adjusted based on the least-squares method to give the best possible fit. These 
parameters contain instrument-related factors, such as profile function, zero position 
and background function, in addition to the sample-related variables, such as space 
group, lattice parameters, atomic positions, occupancies, thermal parameters and 
preferred orientation. The fitted parameters also include the peak shape parameters, 
which allow the flexible variation of the selected peak shape function. In this thesis, 
XRD measurements were employed in determining the phase purity, structural 
parameters and cation distribution for all the synthesized samples [II-V]. 
2.4.3. 57Fe Mössbauer spectroscopy 
In the case of iron oxides, 57Fe Mössbauer spectroscopy provides a powerful tool for 
investigating the changes in distribution, oxidation state, magnetic order and local 
surroundings of iron atoms at different structural sites [114,115]. These changes 
produce shifts and splits in the energy levels of the iron nucleus which can be detected 
for example by employing the resonance absorption phenomenon. However, the 
changes in the observed energy levels of the iron nucleus are extremely small and the 
energy losses associated with the emission and absorption of the radiation usually 
prevent the occurrence of the resonance absorption phenomenon. The Mössbauer 
spectroscopy is based on the discovery that in certain situations the γ-quantum can be 
emitted and absorbed without recoil by an atom embedded in a solid matrix, if the 
energy of the γ-quantum is sufficiently small. The recoilless emission/absorption can 
occur if the recoil energy is not large enough to be transmitted as a lattice phonon, the 
whole system recoils and as a result the recoil energy is practically zero.  
 
In recoilless resonance absorption the energy distribution equals the natural line width 
of the excited nuclear state, as the ground state has infinite lifetime and hence zero 
uncertainty in energy. If the excited state of the source has the mean life of τ, the energy 
spread of emitted γ-quantum has the width Γs at half height given as  
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τ
h
=Γs              (1) 
 
As an example, for the most common Mössbauer isotope, 57Fe, the natural line width is 
4.67x10-9 eV, whereas the energy of emitted γ-quantum is 14.4 keV, resulting in energy 
resolution in order of 1012 [114,115]. This exceptional resolution allows the observation 
of hyperfine interactions resulting from the changes in chemical composition, local 
structure and electric/magnetic fields at the nucleus. Due to the extremely narrow line 
width, the resonance absorption occurs only when the energy of the γ-quantum emitted 
from the source exactly matches the transition energy in the absorbing atom (see Figure 
4). Therefore the method is isotope specific in nature.  
 
 
Figure 4: Schematic representation of recoilless emission/absorption of γ-ray photon 
(Mössbauer spectroscopy) [114]. 
 
However, all elements are not suitable for Mössbauer measurements, as the relative 
strength of the resonance absorption phenomenon and the resolution are dependent on 
the energy of the γ-quantum and the lifetime of the excited state, respectively [114,115]. 
Although the Mössbauer effect has been observed for many transition metals and most 
of the lanthanoids and actinoids (see Figure 5), a vast majority of the research has been 
performed with iron (so-called 57Fe Mössbauer spectroscopy) due to the limiting factors 
mentioned above. 
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Figure 5: Periodic table of the elements. Mössbauer active elements are shaded gray. Figure 
drawn according to data from references [114,115]. 
 
The 57Fe Mössbauer spectroscopy is based on the emission of a γ-quantum by a 57Fe 
nucleus produced in radioactive 57Co source. The emitted γ-quantum is then absorbed 
by the 57Fe nucleus in the sample. As the environment of 57Fe nucleus has an effect on 
the transition energy both in the source and the sample, direct transition is only possible 
if the 57Fe nuclei in the source and target have identical local coordination. This is not, 
however usually the case. Instead, the different matrix in the sample compared to the 
source results in a small relative shift in transition energy. The transition energy is also 
affected by the changes in the s electron density at the nucleus. Due to this, the 
transition energy is also sensitive to the oxidation state of the host Fe cation. The 
combined effect on the transition energy is called Isomer Shift (IS) and the value of the 
IS therefore provides information about the oxidation state of the iron and the local 
coordination as well. It should be noted here that the value of IS cannot be directly 
determined, therefore it is given relative to a know reference absorber, such as α-Fe, 
instead [114,115]. 
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To observe the resonance absorption the energy of the emitted γ-quantum has to be 
modulated (see Figure 6) to compensate this difference. The necessary modulation of 
the γ-quantum energy of is usually produced by moving the source producing the γ-
quanta. When source moves toward the target the energy of the released γ-quantum is 
increased due to the Doppler effect. Conversely, when source is moving away from the 
sample the energy is decreased. Absorption of the γ-quantum is observed when the 
(modulated) energy of γ-quantum corresponds to the transition energy in the sample 
[114,115]. 
 
 
Figure 6: Isomer shift in Mössbauer spectroscopy and its effect on Mössbauer spectra [114].   
 
The transition energy can also be affected by the presence of the electric and/or 
magnetic fields at the nucleus, due to electric quadrupole interaction and magnetic 
hyperfine interaction (Zeeman splitting), respectively (see Figure 7). The strength of 
quadrupole interaction produces information on the order of the charges around the 57Fe 
nucleus, whereas the magnetic hyperfine interaction provides information about the 
magnetic order in the sample [114,115].  
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Figure 7: The effect of simultaneous quadrupole splitting and magnetic hyperfine interaction on 
Mössbauer spectra [114]. 
 
For this thesis, a novel fitting model was developed for the fitting of paramagnetic 57Fe 
Mössbauer spectra of the InFeMO4 system, where M = Mg, Co, Ni, Cu and Zn [V], 
based on a point charge model. The new model was then employed in studying the 
cation distribution, oxidation state of Fe and the magnetic order in the aforementioned 
phases in conjunction with Rietveld refinement of XRD data and AC/DC magnetization 
measurements [V,VI]. 
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3. OXYGEN CONTENT CONTROL 
Besides the cation substitution discussed in the previous chapter, control over the 
oxygen content of the sample provides us with another important tool to fine-tune the 
oxidation states of transition metals and thereby the desired functional properties of the 
layered TMOs. In this chapter the role of the precise oxygen content in RP oxides is 
discussed, followed by a short summary of the methods employed in controlling and 
determining the exact oxygen content in the studied samples. 
3.1. Oxygen stoichiometry in Ruddlesden-Popper oxides 
RP oxides, A2Qn-1BnO3n+1-δ, are highly flexible in terms of oxygen content and may 
contain high concentrations of oxygen vacancies, especially in the QO layer(s), which 
can be either completely oxygen vacant, or partially or completely filled with oxygen. 
In cases where A and Q sites are occupied by trivalent cations, the RP oxides can also 
accommodate excess oxygen such as observed for example for La2NiO4+δ [116] and 
La4Co3O10+δ [117].  
 
The oxygen-vacancy concentration of RP oxides is seldom presented on layer-by-layer 
basis; an overall oxygen-nonstoichiometry parameter of δ is usually given instead.  The 
variation range for δ is strongly influenced by the identity of the transition metal. In the 
case where the transition metal is Cu, the QO layers between the CuO2 layers are 
usually fully oxygen depleted, i.e. only the bare Q cation layers are formed [118-121], 
whereas for other transition metals such as Fe, Co, Mn and Ni the oxygen content in the 
QO layers typically varies between 0 (bare Q layers) and 1 (full oxygen occupation), 
depending on the identity of the transition metal in question [122,123,I-IV]. An 
illustrative example is found in the Sr3(Fe2-xCox)O7-δ system, where the substitution of 
Fe by Co is accompanied by an increase in the oxygen content, both for as-synthesized 
[29] and O2-annealed [29,124] samples. This behavior has been attributed to the relative 
stability of FeIV compared to CoIV [29]. 
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The oxygen-vacancy concentration also has a large effect on the coordination number of 
the transition metal cation in the BO2 layer(s). The oxygen-stoichiometric configuration 
in the QO layer results in octahedral coordination, whereas the fully oxygen-vacant 
configuration results in pyramidal or planar coordination depending on the number of 
BO2 layers, n as seen in Figure 8. In the case of partial oxygen occupation in the QO 
layers, all the above-mentioned coordinations are possible. It has also been reported that 
the BO2 layers themselves could possess oxygen vacancies when the QO layers are 
nearly oxygen depleted [125].  
 
 
Figure 8: Effect of oxygen vacancy concentration in RP oxides. From left to right, oxygen 
stoichiometric n = 2 phase, oxygen depleted n = 2 phase and oxygen depleted n = 3 phase. 
Figure drawn based on the data from Bilbao crystallographic server and reference [36]. 
 
Changes in oxygen content directly affect the average transition metal oxidation state. 
The effect is similar to that resulting from aliovalent cation substitution, although the 
transition metal valence can often be controlled over a wider range by changing the 
oxygen vacancy concentration. The effect of oxygen vacancy concentration on the 
properties is seen for example in the Sr3(Fe,Co)O7-δ system, where the oxygen-deficient 
samples with δ ≥ 1.1 exhibit antiferromagnetic (AFM) order, whereas the nearly 
oxygen-stoichiometric configuration produces a ferromagnetically (FM) ordered state 
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exhibiting a CMR effect (-24%) at δ = 0.1 [85]. A similar transition from long-range 
AFM order in oxygen-depleted samples to competition between AFM and FM in 
oxygenated samples has also been observed for the Sr2(Y,Ca)Co2O7-δ system [66,II]. In 
both cases the AFM order is prevalent in the oxygen-depleted samples which exhibit 
bare Q layers, whereas the introduction of oxygen into the Q layers leads to formation 
of ferromagnetic interaction between the adjacent BO2 layers. 
3.2. Oxygen content determination by chemical methods 
Rietveld refinement of the XRD data can be used to roughly establish the oxygen 
content of the layered TMOs based on the values obtained for the oxygen occupancy at 
different structural sites. However, the sensitivity of XRD for oxygen is low and the 
obtained occupancy values are seldom precise, resulting in large errors in the resultant 
oxygen content values. More precise results can be obtained by employing either 
synchrotron X-ray or neutron sources, but these methods are expensive and available 
measurement time is limited.  
 
Therefore methods such as thermogravimetric (TG) measurements and wet-chemical 
redox titrations are the most convenient and readily available for determining the exact 
oxygen content in layered TMOs [126-129]. However, as these methods can provide 
only average oxygen content of the phase, they work best when used in conjunction 
with site-specific methods such as Rietveld refinement. With the combination of 
chemical and site-specific methods, it becomes possible to precisely determine the 
oxygen vacancy concentration and oxidation state of transition metal cations on each 
structural sub-unit.  
3.2.1. Wet-chemical titrations 
Among the chemical methods, the redox titrations provide the highest accuracy 
(typically ∆δ = ±0.01 if a phase-pure sample is analyzed with a number of parallel 
determinations). For a redox titration the sample is dissolved in an acidic solution and 
the high-valent transition metal species in the sample are reduced with an excess 
amount of reductant present in the titration solution. The average transition metal 
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oxidation state is then calculated based on the amount of excess reductant, determined 
with a suitable titrant or by forcing a redox reaction with potential difference. The end 
point can be detected either visually by using an indicator, or measuring the change in 
the potential difference in the solution with an appropriate indicator electrode in the 
case of electrochemical redox reaction. Iodometric, cerimetric and coulometric titrations 
are the wet-chemical methods most often used for the analysis of transition metal 
oxidation states in transition metal oxides [129]. The choice of method is based on the 
identity of the transition metal constituent(s) in the sample, as all methods are not 
suitable for all transition metal elements (see Table 2). 
  
Table 2: Applicability of wet-chemical redox methods for the oxides of high-valent Co, Cu and 
Fe [I]. 
 Iodometric titration Cerimetric 
titration 
Coulometric 
Cu+-titration 
Coulometric 
Fe2+-titration 
Applicability in terms 
of transition metal 
 
Co, Cu 
 
Co, Fe 
 
Co, Cu, Fe 
 
Co, Fe 
 
Cerimetric titration is based on the reduction of high-valent transition metal cations with 
an excess of Fe2+ ions in acidic solution. The remaining divalent iron is titrated with a 
solution containing tetravalent cerium and the endpoint of the titration is detected with 
an indicator. The titration solution is standardized with an appropriate standard, such as 
As2O3 or Mohr’s salt. In the case of strongly reduced samples, such as those with iron at 
the mixed FeII/III oxidation state, a direct cerimetric titration can be performed, where all 
the Fe2+ ions present in the solution are solely from the sample. Cerimetric titration is 
commonly performed in a closed titration cell under inert atmosphere, such as N2 or Ar, 
to prevent oxidation of the reducing agent. The method can be employed for the oxides 
of Fe and Co, whereas Cu-based samples cannot be analyzed by the technique. In this 
study the cerimetric titration was used for determining the oxygen content of the 
Sr2(Y,Ca)Co2O7-δ and Sr3Fe2O7-δ samples [I-IV]. 
 
Coulometric titration is based on the reduction of high-valent transition metal cations 
with known excess of either Cu+ (Cu+/Cu2+ titration) or Fe2+ (Fe2+/Fe3+ titration) in an 
acidic solution. The method is more versatile than the cerimetric titration as it can be 
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used in determining the oxygen content in Fe-, Co- and Cu-based oxides [129,I,II]. In 
coulometric titration the excess reductant is oxidized by a constant current in a titration 
cell (see Figure 9), and the end point of titration is detected with a voltage meter. The 
oxygen content is calculated based on the amount of the excess reductant, determined 
from the titration time and current based on Faraday’s law. In this study, coulometric 
titration was used together with the cerimetric titration to confirm the oxygen content in 
the Sr2(Y1-xCax)Co2O7-δ samples [I,II]. 
 
 
Figure 9: Titration cell for coulometric titration [126]. 
3.2.2. Thermogravimetry 
Thermogravimetric reduction is often used in determining the absolute oxygen content 
in the TMOs, especially in cases where the sample is difficult or impossible to dissolve. 
The method is based on the reduction of a sample to known pure metallic/oxide 
components at elevated temperatures using hydrogen as a reductant, therefore the 
technique is often called hydrogen reduction. The changes in sample mass can be 
observed as a function of temperature, allowing the identification of possible 
intermediate phases in addition to the final residue as seen in Figure 10. The oxygen 
content can be calculated from the weight difference between the original sample and 
the residue, although the results are considerably less accurate than those obtained from 
wet-chemical titrations [16,127,129,II]. In this study, hydrogen reduction was used to 
confirm the oxygen content values obtained from the cerimetric and the coulometric 
titrations for the Sr2(Y,Ca)Co2O7-δ samples [I,II].  
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Figure 10: Thermogravimetric H2 reduction of RuSr2GdCu2O8-δ [16]. 
 
Thermogravimetric measurements are also used to follow the changes in the sample´s 
oxygen content upon oxygenation/deoxygenation treatments [I-III]. In addition, TG 
measurements can be employed in preparing (a series of) samples with fixed, 
intermediate oxygen-content values by recording a TG curve in a reducing atmosphere 
for fully oxygenated sample and reading the proper annealing temperatures 
corresponding to the desired oxygen content from the obtained TG curve as seen in 
Figure 11. 
 
 
 Figure 11: TG curves for the deoxygenation of 1 bar O2-annealed Sr2(Y0.5Ca0.5)Co2O7-δ (Co-
0212) sample upon heating and cooling in Ar (solid line), and subsequent oxygenation of the 
same sample upon heating in O2 (broken line) [II]. 
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4. Sr2QCo2O7-δ  RUDDLESDEN-POPPER OXIDES 
In the Sr2QCo2O7-δ RP system where Q = Y, Ca and Sr the structural and 
magnetotransport properties are highly sensitive both to the precise cation composition 
and the precise oxygen content. Hence they are good candidates for studying the 
relations between the cation and oxygen stoichiometry and the resultant physical 
properties. 
4.1. Structure and oxygen nonstoichiometry  
The parent compound of the Sr2QCo2O7-δ system where Q = Sr, i.e. Sr3Co2O7-δ, exhibits 
complex structural and magnetic transitions closely linked to the level of oxygen 
nonstoichiometry and the ordering of oxygen vacancies. The phase was first reported to 
possess an ideal RP (tetragonal) structure when δ = 0.94 (oxygen content = 6.06) [130], 
corresponding to average Co oxidation state of 3.06. In this structure the oxygen 
vacancies are located in the QO layer between the CoO2 layers, and Co exhibits a 
mixture of pyramidal and octahedral coordinations and is shifted slightly from the ideal 
position at the basal plane of the pyramid/center of the octahedron towards the apical 
oxygen located in the AO layer. At low oxygen contents a reversible phase 
transformation has been observed at δ > 1 (oxidation state of Co < 3) to orthorhombic 
Immm space group [84,125,130]. 
 
Transition to orthorhombic structure has also been reported for highly oxidized 
Sr3Co2O6.6 (oxidation state of Co = 3.6) samples [125]. These samples exhibit an ideal 
RP structure only at elevated temperatures, whereas orthorhombic strain resulting from 
buckling of the CoO2 layers appears at lower temperatures. Due to this, the stable 
structure at room temperature is orthorhombic (space group Immm). The crystal 
structure of Sr3Co2O7-δ is therefore highly sensitive to the degree and ordering of 
oxygen vacancies, leading to the limited stability range, both in terms of oxygen content 
and temperature, for the ideal RP structure. 
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The oxygen vacancy concentration also has a strong impact on the structural stability of 
the Sr3Co2O7-δ phases, as the oxidized samples where δ < 1 (oxidation state of Co > 3) 
have been found to be highly sensitive to ambient humidity [65,125]. This is expected 
to result from the presence of highly unstable tetravalent Co and due to this the oxidized 
Sr3Co2O7-δ phases exhibit a strong tendency for reduction of Co and inherent structural 
instability, similar to that observed for the related Sr3Fe2O7-δ system [III,IV] discussed 
in more detail in the next chapter.  
 
If the high oxidation state of Co is the main contributing factor for the instability, more 
stable phases should be obtained through aliovalent A-site substitution of divalent 
strontium with trivalent cation, as the average oxidation state of Co would decrease with 
increasing trivalent substitution. This effect has indeed been observed by substituting 
the Sr in the QO layer with Ca and a wide range of (trivalent) rare earth elements (RE) 
in Sr2(RE,Ca)Co2O7-δ system [66,II]. These phases, unlike the parent Sr3Co2O7-δ 
system, are not sensitive to ambient humidity even when highly oxidized. In addition, 
the substitution stabilizes the ideal RP structure, as the oxygen stoichiometry-driven 
transition to the orthorhombic Immm space group has not been observed. 
 
The degree of aliovalent substitution has also a strong effect on the variation range of 
the oxygen vacancy concentration as demonstrated in the Sr2(Y1-xCax)Co2O7-δ system 
[II]. It was observed that the lower limit for oxygen content remains nearly constant 
(i.e. δ ≈ -1.2) for 0.3 ≤ x ≤ 0.5 [II], whereas the maximum oxygen content was seen to 
significantly increase with increasing trivalent substitution from δ = -0.77 for x = 0.5 to 
δ = -0.52 for x = 0.3 for the fully oxygenated samples (see Figure 12). The increase in 
maximum oxygen content is expected to be due to the decrease in Co oxidation state 
with increasing trivalent substitution. The range for stable oxygen contents can also be 
further expanded by external stabilization of the high oxidation states for Co as reported 
for the Sr2(Y0.5Ca0.5)Co2O7 phase, where the oxygen stoichiometric composition was 
obtained through high-pressure treatment [131]. 
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Figure 12: Minimum (filled triangles; Ar-annealed samples) and maximum (filled squares; O2-
annealed samples) oxygen contents for the Sr2(Y1-xCax)Co2O7-δ samples. The data for the 
Sr3Co2O7-δ sample (open triangles for the minimum, open squares for the maximum oxygen 
content) are from Ref. [130], and plotted in the figure as a reference case [II]. 
4.2. Magnetotransport properties 
Oxygen stoichiometry/oxidation state of cobalt has a strong impact on the 
magnetotransport properties of the Sr2(Y1-xCax)Co2O7-δ phases as well. Oxygen depleted 
Sr2(Y1-xCax)Co2O7-δ samples are insulating and exhibit long-range AFM order, whereas 
oxygenated samples exhibit FM order and lower resistivity (several orders of 
magnitude) [66,131,II] as seen in Figure 13. The conduction in (nearly) oxygen-
stoichiometric Sr2(Y0.5Ca0.5)Co2O7-δ at low temperatures has been explained by Efros-
Shklovskii-type variable range hopping, whereas with increasing temperature there is a 
crossover to Mott-type variable range hopping [131]. A weak MR effect is observed in 
the oxygenated Sr2(Y1-xCax)Co2O7-δ samples [II]. 
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Figure 13: Resistance vs temperature for oxygen-depleted (solid line) and oxygenated (broken 
line) Sr2(Y0.7Ca0.3)Co2O7-δ samples. Inset shows the MR behavior for the oxygenated sample 
[II]. 
 
The crossover from AFM order in oxygen-depleted Sr2(Y1-xCax)Co2O7-δ samples to FM 
order in oxygenated samples is related to the amount of oxygen in the (Y,Ca)O layer 
between the neighboring CoO2 layers. The oxygen atoms in the (Y,Ca)O layer facilitate 
the formation of FM bonds, resulting in competition between the AFM and FM 
interactions at low temperatures [66,II]. This competition introduces the element of 
frustration into the system, which, combined with the inherent randomness derived from 
the presence of oxygen vacancies and random distribution of Y and Ca, facilitates the 
formation of a glassy state. This is evident in the divergence of FC and ZFC curves in 
the M-T magnetization measurements and the time-dependent nature of the 
magnetization. Due to the saturating behavior of the FC curve above the divergence 
point it is reasonable to expect the fully oxygenated Sr2(Y1-xCax)Co2O7-δ samples to 
form a conventional spin-glass state instead of a cluster glass or a superparamagnet, as 
in these cases the FC curve would be expected to increase monotonically with 
decreasing temperature. However, AC-magnetization measurements would be necessary 
to probe the exact nature of the glassy state in Sr2(Y1-xCax)Co2O7-δ. 
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5. WATER DERIVATIVES OF n = 1-3 RP OXIDES 
The rock-salt-structured (AO)2 double layer between two adjacent perovskite blocks in 
A2Qn-1BnO3n+1-δ RP oxides can easily accommodate additional structural elements and 
consequently these oxides can form e.g. topotactic water derivative phases when 
subjected to ambient humidity, as seen in Figure 14. For example the n = 1 RP phases 
Ba2ZrO4-δ [33] and (Na,Eu)TiO4-δ [34] and the n = 3 RP phases, Sr2(Sr,La)Fe3O10-δ [57], 
Sr4(Co1.6Ti1.4)O10-δ [132] and Sr2(Sr,Nd)Fe3O10-δ [35] have been observed to form 
“watery” derivatives. Among these oxides, (Na,Eu)TiO4-δ forms an exception, as A-site 
ordering has been observed for this phase results in the final layer sequence of NaO-
NaO-TiO2-EuO-EuO-TiO2, i.e. Na and Eu segregate into different layers and do not 
form mixed (Na,Eu)O layers. During the intercalation process water has been observed 
to go only between the NaO layers [34]. 
 
 
Figure 14: The formation of layered derivative for the n = 2 RP phase, Sr3Fe2O7-δ [III,IV]. 
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The n = 2 RP phases such as Sr3Co2O7-δ [65], Sr3(Co0.95Nb0.05)2O7-δ [133] and 
Sr3(Co0.85Ti0.15)2O7-δ [132] have also been observed to form layered water derivatives. 
Especially in the case of the Sr3Co2O7-δ phase, the as-synthesized phase is highly 
unstable and reacts almost immediately to the derivative phase, making the study of the 
intercalation mechanism difficult in these systems. It is expected that the instability of 
tetravalent Co is at least partially responsible for the high rate of the intercalation 
reaction. As the tetravalent oxidation state for iron is more stable, the corresponding Fe-
based series, Srn+1FenO3n+1-δ (n = 1, 2, 3 and ∞), should be more suited for studying the 
water intercalation process. 
 
In this thesis, the n = 1-3 members of the Srn+1FenO3n+1-δ series were found to absorb 
water when subjected to varying levels of ambient humidity, with the rate of the 
reaction increasing with decreasing n [III,IV]. On the other hand, the n = ∞ member, 
which is nothing but the SrFeO3-δ perovskite and lacks the (SrO)2 double layer, did not 
absorb water even when subjected to extreme levels of humidity (dipped into water) 
[IV]. It could therefore be concluded that the (AO)2 double layer found in RP oxides is 
necessary for the formation of the layered hydrate derivatives. 
 
The nature of the water-intercalation process was investigated in detail for the n = 2 
member of the Srn+1FenO3n+1-δ series [III]. It was found that the oxidation state of iron is 
lowered upon the water absorption. This indicates that, in addition to the charge-neutral 
H2O molecules, also positively charged H
+/H3O
+ species are incorporated into the 
lattice, confirming that the high oxidation state of the transition metal is one of the 
contributing factors in the destabilization of the ideal RP structure and formation of the 
intercalated derivative phases. Similar reduction in transition metal valence resulting 
from the formation of the layered water derivative has also been observed for the 
Ba2Ca2Cu3O8 [30] and Sr3(Co,Nb)2O7-δ [133] RP oxides, further supporting this 
conclusion. 
 
Rather interestingly, it was also found that the rate of derivative-phase formation 
increased with decreasing oxygen content of the parent Sr3Co2O7-δ phase [III]. This is 
counterintuitive, as the decrease in oxygen content lowers the transition metal oxidation 
state, which should decrease the reaction rate. It is therefore expected that while the 
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high oxidation state of the transition metal is the thermodynamical driving force for the 
derivative-phase formation, the reaction rate is enhanced when the concentration of 
oxygen vacancies is increased. The increase in oxygen-vacancy concentration is 
expected to provide new pathways for water intercalation, thus facilitating the diffusion 
reaction and increasing the reaction rate. Correspondingly, it can be postulated that the 
(nearly) oxygen stoichiometric RP oxides should be more stable in air, as the lack of 
oxygen vacancies should considerably slow down the intercalation process, although the 
average transition metal valence increases with the increasing oxygen content of the 
phase. 
 
The rate of the intercalation reaction was also found to be affected by the level of 
humidity the sample was exposed to. For all samples the rate of intercalation reaction 
increased with increasing humidity, although the behavior under extreme humidity 
differs between the different members of the Srn+1FenO3n+1-δ series. The n = 3 member 
was observed to be relatively stable at ambient humidity and intercalation occurred over 
a prolonged period of time, whereas the n = 2 member formed the intercalated 
derivative at a greater rate under similar conditions. The intercalated derivatives were 
fundamentally unstable and decomposed to Sr3Fe2(OH)12 [134] of the cubic crystal 
structure for n = 2 and a mixture of Sr3Fe2(OH)12 and Sr(OH)2
 
•
 8 H2O for n = 3. The 
decomposition resulted either from prolonged exposure to ambient humidity or when 
the derivative was exposed to extreme humidity (saturated water vapor or dipping into 
water) [III,IV]. The intercalated derivative of the n = 1 member was more unstable, 
rapidly decomposing to Sr(OH)2
 
•
 H2O and Sr3Fe2(OH)12. Therefore it was nearly 
impossible to separate the layered derivative in phase-pure form, as it always existed as 
a mixture either with the original RP phase or the decomposed form [IV].  
 
The water intercalation resulted in an increase in the length of the c-axis by ∼4.6 and ∼4 
Å per formula unit for the n = 1 and 2 members, respectively. The value agrees (though 
being slightly higher) with the values reported for other RP systems [30-
32,34,35,57,132]. As discussed above, it was practically impossible to isolate the 
derivative phase in single-phase form for the n = 1 member, whereas two different 
derivatives could be observed for the n = 2 member, one with two water molecules per 
formula unit obtained by exposing the parent RP phase to ambient humidity, and the 
other one with one water molecule per formula unit obtained by annealing the first 
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derivative at around 100 oC. For the n = 3 member, a mixture of various derivatives 
with different water contents was obtained.  The intercalation process is reversible as 
was seen for both the n = 2 and 3 members, where the parent RP phase could be 
obtained by removing the intercalated water from the structure with annealing at a 
suitable temperature [III,IV]. However, it should be noted that only the formation of the 
layered derivative is a reversible process, whereas once the intercalated derivative(s) 
decompose to e.g. Sr3Fe2(OH)12, the parent RP structure can no longer be recovered. 
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6. SYNTHESIS AND CHARACTERIZATION OF InFeMO4 
SPINEL OXIDES (M = Mg, Co AND Ni) 
In contrast to the perovskite-derived structures, the spinel structure is usually highly 
resistant to changes in oxygen content [96], although the spinels containing lithium 
commonly exhibit oxygen nonstoichiometry [135,136]. The presence of oxygen 
vacancies is usually countered by the formation of cation vacancies rather than change 
in the average transition metal oxidation state [137]. Instead, the magnetotransport 
properties in spinel oxides are strongly affected by relatively small changes in cation 
composition, cation distribution and the level of magnetic dilution, thus offering an 
interesting subject for studying the underlying dependencies between cation 
stoichiometry/distribution and the physical properties. 
6.1. Formation of InFeMO4 phases (M = Mg, Co and Ni) 
The flexibility of the perovskite structure in terms of cation composition is largely 
derived from the ability of the oxygen-tunable perovskite phases to compensate for 
changes in the average transition metal oxidation state, occurring when the precursor 
cation composition and/or the synthesis conditions (temperature and atmosphere) 
deviate from the preferred ones. The spinel phases, on the other hand, usually exhibit a 
(nearly) stoichiometric oxygen content [96], resulting in a much more limited precursor 
composition-synthesis condition window for phase-pure samples. 
 
In this thesis the high oxygen-stability was confirmed for the InFeMO4 (M = Mg, Co 
and Ni) phases by means of thermogravimetric annealing experiments. It would 
therefore be expected that the further aliovalent substitution of trivalent Fe with divalent 
Mg would result in formation of impurity phases due to resulting changes in the average 
transition metal oxidation state. On the other hand, Co and Ni exhibit both divalent and 
trivalent oxidation states and should therefore be able to form a (limited) series of solid 
solutions, In(Fe1-xM1+x)2O4, as observed for the parent (Co,Fe)3O4 and (Ni,Fe)3O4 phases 
[138,139].  
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However, attempts to realize such solid solutions resulted in the formation of either 
impurity phases or the disappearance of the desired phase altogether for x ≠ 0, as is 
shown in Figure 15 for M = Ni. The observed behavior is attributed to the tendency of 
Co and Ni to strongly favor the divalent oxidation state in the present structure, whereas 
Fe exclusively adopts the trivalent oxidation state [V]. 
 
 
Figure 15: XRD diffraction patterns of the InFe1-xNi1+xO4 system, where -0.2 ≤ x ≤ 0.2, 
demonstrating the formation of impurity phases when x ≠ 0 [V]. 
 
The InFeMO4 phases (M = Mg, Co and Ni) are also very sensitive to minute changes in 
cation composition. All phases form as mixed spinels, i.e. divalent and trivalent cations 
co-exist at the A and B sites. The precise cation compositions in the X-ray pure samples 
were observed to slightly deviate from the nominal chemical composition, InFeMO4, 
being In1.03Fe0.98Mg0.99O4, In0.985Fe0.952Co1.063O4 and InFe0.98Ni1.02O4; attempts to 
stabilize the nominal cation compositions (by employing different synthesis 
temperatures and atmospheric conditions) resulted in formation of impurity phases [V]. 
It should be noted here that for the sake of convenience these phases are later referred 
by the nominal chemical formulas, InFeMgO4, InFeCoO4 and InFeNiO4 rather than the 
exact chemical compositions. 
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6.2. Fitting of Mössbauer spectra of cation-disordered spinel 
Mössbauer spectroscopy is a powerful tool for probing the oxidation state and the 
(local) magnetic order of Mössbauer active atoms in addition to providing information 
about the identity and ordering of the neighboring cations. Due to the combined effect 
of different hyperfine interactions (isomer shift, electric and magnetic hyperfine 
interactions), each nucleus with different oxidation state, magnetic state and/or local 
surrounding produces a different signal. The resultant Mössbauer spectrum is the sum of 
all these signals (components), although often the final number of distinguishable 
components is smaller than the number of different states, as the components produced 
by two nuclei in similar surroundings overlap strongly. 
 
It is common that the (paramagnetic) Mössbauer spectra of spinel compounds is fitted 
with a two-component model by assigning one component for the A and B sites, each 
[140-143]. However, such model only has a limited capability to describe the disorder 
often present in spinel compounds. The current InFeMO4 (M = Mg, Co and Ni) samples 
exhibit significant structural disorder due to the presence of all cations at both the A and 
B sites, except for the A site in InFeMgO4 [V]. The effect of this disorder is evident both 
in the paramagnetic and magnetically ordered spectra of all samples, and consequently 
the traditional two-component fitting model fails to satisfactorily explain the detailed 
features in the Mössbauer spectra. 
 
To determine the number of components needed to accurately describe the disorder 
around both cation sites, a simulation of the paramagnetic Mössbauer spectrum based 
on a point-charge model was employed. The paramagnetic situation was chosen as a 
basis for the simulation, as the interaction of 57Fe nucleus with neighboring atoms can 
be described by calculating the full electric field gradient (EFG) at the Fe nucleus, 
whereas in a magnetically ordered case a mixed Hamiltonian of combined electric and 
magnetic interactions is required to adequately describe the situation [V]. 
 
The simulation is based on determining the strength of electric quadrupole interactions 
as characterized by the absolute value of the quadrupole coupling constant (QCC), 
extracted from the value of the EFG at the Fe nucleus. In the simulation, a sphere of 
roughly 7.1 Å in diameter was constructed around both the A and B sites, and 
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neighboring cation sites located within the sphere were randomly populated based on 
the site-specific occupancy values for In, Fe and M cations. The probability of the 
created distribution was calculated and the components of EFG (Vij) were obtained from 
the common definition [115] of  
 
∑ −=
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ij rxx
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q
V )3(
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2
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δ
πε
      (2) 
 
where k is an index running over all neighboring lattice sites within the sphere, qk, xi and 
xj are the charge and coordinates of the atoms at the neighboring lattice sites and δij is 
the Kronecker delta.  
 
The resulting matrix is diagonalized and the values of Vzz and η can be now extracted. 
Vzz was defined as the largest diagonal term of the matrix and 
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The value of quadrupole coupling constant can now be obtained as  
 
QCC = eQVzz(1+η
2/3)1/2       (4) 
 
and converted to units comparable with measured value of QCC as described in detail in 
Ref. V. 
 
A large number (1-2×106) of local cation environments were subjected to similar 
treatment and the simulated QCC and probability pairs were gathered and plotted in a 
histogram. The histograms obtained for the B site of the M = Mg, Co and Ni phases 
clearly demonstrate that two individual components with different QCC values are 
required to describe the disorder resulting from the random distribution of In, Fe and M 
cations around the Fe nucleus. An example of such histogram for M = Co is shown in 
Figure 16a. On the other hand, similar histograms for the tetrahedral A site for all 
samples exhibited only a broad distribution as seen in Figure 16b for M = Co. It is 
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expected that the current model cannot fully describe the structural disorder around the 
tetrahedral site, such as the deviation of oxygen atoms from their ideal positions, 
resulting in too small variation in the calculated values of EFG and a broad peak for 
distribution function instead of two distinct components as seen for the octahedral site 
[V]. 
 
 
Figure 16: Probability vs. QCC histograms for the a) B and b) A sites of InFeCoO4 [V]. 
 
The validity of this assumption was tested by fitting the experimental Mössbauer data 
for the InFeMO4 samples with M = Mg, Co and Ni with both the 3-component (one 
component for tetrahedral, two for octahedral) and the 4-component (two for both sites) 
models, with the 4-component model producing consistently better fitting results for all 
samples, whereas the addition of further components did not provide improvement in 
the quality of the fit [V]. The new fitting model was also employed in fitting the 
magnetically ordered Mössbauer spectra of the InFeMO4 (M = Mg, Co and Ni) phases, 
resulting in good agreement of hyperfine parameters with those obtained from the 
room-temperature (paramagnetic) spectra and overall increase in quality of the fit 
compared with the traditional two-component fitting model [VI].  
 
It can therefore be concluded that the traditional fitting model is unable to adequately 
describe the disorder arising from the random arrangement of the cations in the 
InFeMO4 (M = Mg, Co and Ni) spinel phases, whereas the employment of the four-
component fitting model significantly increases the quality of the obtained fit. It should 
also be noted that while the validity of the four-component fitting model was confirmed 
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only for the InFeMO4 samples with M = Mg, Co and Ni, it is reasonable to expect that 
similar improvements would be obtained by employing the new model in the fitting of 
any spinel samples with a similar degree of variation in local environment around the Fe 
site. 
 
6.3. Effect of cation substitution on magnetotransport properties 
Magnetic properties of the spinel phases are governed by an intricate interplay of the 
intrasite A-O-A and B-O-B (JAA and JBB, respectively) and intersite A-O-B (JAB) 
superexchange interactions. When both the A and B sites of the spinel structure are fully 
occupied by magnetic cations, the JAB interaction is dominant, whereas the substitution 
with nonmagnetic cation(s) can lead to structural disorder and frustration in magnetic 
order by weakening the JAB superexchange to a level comparable with JAA and JBB. 
When both of these phenomena occur simultaneously, the structure fulfills the basic 
criteria generally associated with the emergency of spin-glass type state, namely 
randomness, presence of magnetic interactions, anisotropy and frustration. 
 
In the InFeMO4 (where M = Mg, Co and Ni) spinel system the necessary randomness is 
derived from the distribution of In, Fe and M cations over the two structural sites, 
whereas the presence of the nonmagnetic indium (and Mg) gives rise to frustration in 
the magnetic order. Therefore it is not unexpected that the InFeMO4 spinel phases of M 
= Mg and Co were observed to exhibit glassy behavior (see Figure 17). The observed 
behavior was attributed to the formation of cluster-glass type rather than conventional 
spin-glass state [VI]. Interestingly, although similar behavior would be expected also 
for the InFeNiO4 phase due to the similar degree of randomness and frustration derived 
from the cation distribution and magnetic dilution, respectively, the existence of a 
glassy phase (or reason for the absence of it) could not be decisively confirmed [VI]. 
 50 
 
Figure 17: AC magnetization vs. temperature for InFeMO4 spinel oxides, where M = Mg and 
Co [VI]. 
 
The magnetic dilution often results in the formation of non-collinear spin arrangement, 
as well [99]. Such behavior is observed for the InFeNiO4 phase where the observed 
value of the saturation magnetization (2.1 µb/f.u.) is far below the value (3.19 µb/f.u.) 
expected from the Néel’s model for collinear ferrimagnet, thus confirming the presence 
of spin canting [VI]. The presence of spin canting is also expected for the M = Mg and 
Co phases. However, the degree of canting cannot easily be established for these 
phases, as the presence of cluster-glass state also affects the value of saturation 
magnetization [VI]. 
 
Despite the magnetic dilution, both M = Co and Ni phases exhibit a high degree of 
magnetization near room temperature, as the presence of magnetic cations (Fe and M) at 
both cation sites facilitates the formation of strong JAB superexchange interaction and 
the dominance of ferrimagnetic order. The identity of the M cation has, however, a 
significant effect on the magnetic order, as InFeCoO4 was found to exhibit strong 
hysteresis at low temperatures whereas the replacement of Co with Ni results in soft 
magnet-type behavior [VI]. In contrast, significantly lower values of magnetization 
have been observed for InFeMgO4 due to increasing magnetic dilution [VI]. However, 
it has been established that short-range ferrimagnetic order persists [VI], although the 
system is close to the percolation limit [97]. 
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7. CONCLUSIONS 
The desired functional properties of layered TMOs are largely dependent not only on 
the identity but also on the oxidation state and local coordination of the transition metal 
constituent(s). Therefore control over the cation and oxygen stoichiometry is an 
effective tool in manipulating the properties of the layered TMOs. In this thesis the 
effects of cation and oxygen compositions on the structural stability and magnetic and 
(magneto)transport properties have been studied in selected Ruddlesden-Popper and 
spinel oxide systems. 
 
In the Sr2(Y,Ca)Co2O7-δ system, the impact of aliovalent A site substitution on variation 
range of oxygen vacancy concentration and the stability of the ideal RP structure were 
demonstrated. The lower limit for oxygen content remained nearly constant for all 
samples, whereas the maximum oxygen content was seen to significantly increase with 
increasing trivalent substitution due to the decrease in Co oxidation state (for the same 
oxygen content). In addition, the decrease in Co oxidation state stabilized the ideal RP 
structure, as the substituted samples did not form the layered water derivatives when 
exposed to (ambient) humidity. 
 
In addition, the impact of oxygen stoichiometry on resistivity and magnetic properties 
of Sr2(Y,Ca)Co2O7-δ was confirmed. The oxygen-depleted samples exhibited 
significantly higher resistivity and AFM order, whereas the oxygen in the (Y,Ca)O layer 
stabilized the ferromagnetic bonds between the adjacent CoO2 layers and resulted in the 
formation of a glassy state due to competition between AFM and FM order. In future it 
would be interesting to study the exact nature of the glassy state further for example 
with AC magnetization measurements. 
 
The structural instability of the RP oxides was studied in detail in the Srn+1FenO3n+1-δ 
series, where n = 1, 2, 3 and ∞ and the formation of layered water derivatives was first 
time demonstrated for n = 1, 2 and 3 phases. The high oxidation state of the transition 
metal was observed to be the main contributing factor for the destabilization of the RP 
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structure, as the water intercalation is followed by the decrease of the oxidation state of 
Fe for the n = 2 member. The kinetic constraints were also observed to play an 
important role, as well, as the intercalation rate was found to increase with increasing 
oxygen vacancy concentration. The increase in the number of BO2 layers, n, in the 
infinite-layer block was observed to stabilize the RP structure and slow down the 
intercalation reaction. However, it is unclear if this results from the stabilization of the 
Srn-1FenO3n-1 infinite-layer block with increasing n, changes in oxygen vacancy 
distribution or the introduction of additional kinetic barriers for water intercalation. 
Further information on the intercalation process and the exact structure of the 
intercalation products could be obtained by exposing the Srn+1FenO3n+1-δ samples to 
deuterium-enriched water and performing neutron powder diffraction (NPD) 
measurements to the thus obtained samples. 
 
The phase formation and impact of the identity of the transition metal and level of 
magnetic dilution on the magnetic properties were studied in the InFeMO4 system, 
where M = Mg, Co, Ni, Cu and Zn. The phases exhibiting spinel structure were 
observed to go through a complex evolution in magnetic properties from ferrimagnet 
exhibiting large remnant magnetization and glassy behavior for M = Co, to canted soft-
magnet structure observed for M = Ni and loss of long-range magnetic order in M = Mg. 
As variations in the cation distribution and grain size have strong effect on the magnetic 
properties of spinel phases, it would be interesting to study the functional properties of 
the InFeMO4 spinel phases grown as thin film samples. Such work is already in progress 
for the InFeCoO4 phase. 
 
 In addition, it was demonstrated that the conventional fitting model often employed in 
analyzing the Mössbauer spectra of (paramagnetic) cation-disordered spinel phases is 
not sufficient to adequately describe the local disorder in these phases. Therefore an 
improved model was developed for the characterization of cation distribution, iron 
oxidation state and magnetic order in these systems. 
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